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Abstract 

This paper discusses some results on semiclassical string configurations lying in the IR sector of 
supergravity backgrounds dual to confining gauge theories. On the gauge theory side, the string 
states we analyse correspond to Wilson loops, glueballs and KK-hadrons. The 1-loop correction 
to the classical energy is never subleading, but can be viewed as a coupling dependent rescaling 
of the dimensionful parameters of the theory. 
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1 Introduction 


In the last few years semiclassical strings have proved to be a powerful tool to investigate 
the gauge/string duality beyond the supergarvity approximation. Berenstein, Maldacena 
and Nastase (BMN) [T] studied the solvable string theory on the plane-wave obtained 
by a Penrose limit of the AdS^ x background, extending in this way the check of the 
standard AdS/CFT duality beyond the supergravity approximation. The BMN approach 
was revisited by Gubser, Klebanov and Polyakov (GKP) [2j, who substituted the large 
spin/charge limit, automatic in the Penrose limit, by a large spin limit performed directly 
on solitonic classical strings conhgurations. In this way, a larger variety of string solitons 
were considered, differing substantially from the collapsed string corresponding to the 
light-cone string vacuum on the plane-wave of p]. The GKP approach was extended 
to multispinning strings in a series of subsequent papers (see the review article [3] and 
references therein), providing several examples of “regular” classical string configurations 
with an energy which admits, as for the string excitations on the plane wave of P], a 
regular expansion in the’t Hooft coupling A = QsN. Many of these classical results have 
been checked by computations of the anomalous dimension of the corresponding operators 
of the dual A/" = 4 SYM theory and a strict relation with the theory of integrable systems 
has emerged on both sides of the duality (see e.g. PH and references therein). 

An extension of obvious interest of the above approach is to study less supersymmet¬ 
ric and nonconformal cases (see |S] for reviews). This paper is devoted to report on work 
in collaboration with F. Bigazzi, A. L. Gotrone and L. A. Pando Zayas P IZl (for other 
papers on semiclassical strings on conhning backgrounds, see e.g. [S]). In these papers we 
have considered semiclassical string states living in the infrared sector of some supergrav¬ 
ity backgrounds dual to confining gauge theories, namely the Maldacena-Nunez (MN) 
solution P and its softly broken deformation (bMN) ^Oj, and Witten’s background dual 
to a nonsupersymmetric YM theory HH. The Klebanov-Strassler (KS) solution [T2] and 
its softly broken deformation (bKS) |ldllT^ is analogous to the (b)MN case. The common 
feature of the confining backgrounds is that the effective geometry relevant for studying 
classical string conhguration in the deep IR sector (i.e. at minimal transverse radius) 
factorizes in the simplified form x S'^ x where q = 3 for the (b)MN background 
and g = 4 in the Witten’s background. As a consequence, the search for classical string 
states lying at the minimal radius simplifies considerably. Such factorization is strictly 
valid only at the minimal radius, due to warping and twisting effects, and then the study 
of the quantum corrections to these configurations is more complicated. Nevertheless in 
some particular limit (like the large spin limit), the leading contribution can sometimes 
be computed exactly. We have done this for open straight strings and folded closed spin¬ 
ning strings extending in the flat directions, and closed strings extending and spinning 
on the internal sphere. The hrst conhguration is a good approximation of the relevant 
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contribution to the dual Wilson loop when the two probe quarks are largely separated; 
the second conhgurations give rise to glueball Regge trajectories; the third configurations 
are dual to hadronic states, whose constituents are massive KK matter which are present 
in these models and cannot be decoupled in the supergravity approximation. 

Each of the following sections will be devoted (skipping all the technical details) to 
the discussion of the results obtained in pm for each of the above configurations in 
turn. In particular, we will see how in all the cases considered the leading quantum 
corrections to the classical energy are nonvanishing, mainly due to the absence of any 
kind of effective supersymmetry on the world-sheet. Nevertheless, the corrections are 
finite without the need for any renormalization prescription once the contribution of 
the fermions is carefully taken into account. In particular, quantum corrections to the 
Wilson loop provide (beside the Liischer term already considered in [131111) a rescaling 
of the field theory string tension, consistently with some general arguments presented in 
na. Glueballs quantum corrections give a rescaling of the QCD string tension consistent 
with the Wilson loop analysis and render the Regge trajectory nonlinear with a positive 
intercept, thus sharing common features with the experimental results (analogous to 
those discussed in ^Hj for the MN and KS models). Finally, the quantum corrections to 
the energy of closed strings spinning along internal directions have been studied explicitly 
for a particular class of closed circular strings analogous to those considered in na in the 
AdS^ X case. In our confining cases, the leading quantum corrections are nonvanishing 
but can be absorbed in a redefinition of the mass of the basic KK fields which are the 
constituents of the dual hadrons. 


2 Wilson loops 

The extension of the description of the Wilson loop in standard AdS/CFT duality [20] to 
confing backgrounds has been studied in several papers at the classical and 1-loop level 
(see for example respectively mm and |T3|Tn|). In m we considered the problem of 
computing 1-loop quantum corrections to the classical result in Witten’s model. This 
background is obtained by considering the near-horizon limit of the supergravity solu¬ 
tion corresponding to N D4-branes wrapped on a circle of radius Re, with anti-periodic 
boundary conditions for the fermions. This is given by 

+ ^f(u)d0^) + + R^IV^dal , 

R 9mo u j[u) 

1 1 

/(«) = 1 -^, R={7,Ng,)-^a'-- , ( 1 ) 
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where a ;4 is the volume form of the transverse S‘^. The geometry is completely regular 
and consists of a warped, flat 4-d part, a radial direction u, a circle parameterized by 9 
with vanishing radius at the horizon u = Uq, and a four-sphere whose volume is instead 
everywhere non-zero. The complete Wilson loop conhguration is given by a solution of 
the form ^ ^ 

t = T, x^ = a, u = u{a) ,a e . ( 2 ) 

As discussed in [13 uni, this is well approximated by a bathtub shape in the large L 
limit, with the string coming down from inhnity practically straight up to a minimal Um, 
suddenly (but smoothly) becoming flat along a special direction in (|2))), and then 
returning back to inhnity with another straight line. This string spans the loop traveling 
for a time t. The important point is that the deviation of this smooth conhguration 
from the rectangular well is exponentially vanishing with L. The lines coming down 
from inhnity give the inhnite quark masses which require renormalization. Moreover, 
in the regime L ^ oo, one has that Um —> Uq. This makes the following straight line 
approximation of the above solution 

t = T , = a , a e ^] , M = Mo , (3) 

an accurate one^. The classical value of the energy satishes the area law typical of 
conhnement 

E = TqcdL . Tqcd = ^2'Rm = 

where mo ~ is the KK mass scale and A = Qym^ bare ’t Hooft coupling 

laiizi Since the supergravity approximation is valid when A 3> 1 we can see how in this 
approximation the fundamental scale of the gauge theory dehned by the string tension 
is much higher than the KK mass scale. Then, as usual in these cases, the KK matter 
cannot be thought as decoupled from the pure YM content. 

In order to study the 1-loop quantum correction to this formula one needs the explicit 
superstring action up to quadratic order in the fluctuations around this conhguration. 
The bosonic action is the usual Polyakov action, while the fermionic quadratic action 
can be found for example in [22] • After K-hxing the resulting physical huctuations are 

^The approximation of a straight string lying at a constant nonminimal radius Um > uq is not reliable, 
mainly because it does not satisfy the equation of motion. As discussed in m, such a configuration 
would give one more “Goldstone” massless mode respect to the approximation ©■ But, as shown in 
appendix C of [T], in the large L limit the explicit nontrivial a dependence, that the string configuration 
must have in order to satisfy the equations of motion when Um > uq, gives rise to a mass for the would 
be “Goldstone” boson. This mass is equal to the mass obtained from approximation © up to subleading 
terms. 
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given by six massless plus two massive bosonic fields of mass = 3mo/2, and by eight 
massive fermionic fields of mass = 3mo/4. The mass matching condition 

B F 

then insures that the theory is UV finite and without Weyl anomaly at one loop (see |22] 
and appendix D of [7j). The resulting 1-loop correction to the energy 


Ei = 


71 

2L 


E 

n>l 





- 1 - 


9mlL‘^ 

Ibvr^ 


( 6 ) 


is finite without any renormalization prescription and in the large L limit reads 


El ~ 


9mlL 

Stt 


log2-^ 


(7) 


The leading term in this expression comes from approximating the series above by in¬ 
tegrals. The Liischer-like term vr/dL comes from the subleading contribution of the six 
massless modes. The remaining subleading terms are exponentially suppressed in the 
large L limit and are related to the massive modes (see pTl OH] for details on the evalu¬ 
ation of series like the one above). Thus in the large L limit the 1-loop corrected energy 
of the string configuration corresponding to the Wilson loop is given by 

B - tITdWL - ^ , (8) 


with a rescaled A dependent QCD string tension Tqq^{X) = (1 — log2)TQC'D- Then 
the quantum corrections do not only give the usual Liischer term but even changes the A 
dependence in the QCD string tension, which is completely consistent with the general 
argument of HZI. In fact, one expects that the QCD string tension is a function of 
A of the form Tq^^{X) = /(A)mQ, interpolating between the strong coupling behavior 
/(A) ~ A given in iD for A S> 1 and the expected behavior /(A) ~ exp(—6/A) (where 
6 is a constant given by the first coefficient of the beta-function) for A -C 1 (the regime 
in which the KK matter decouples). See section 6.1 of [7] for further discussions on this 
point. 


3 Glueball Regge trajectories 

In confining backgrounds high spin glueballs are naturally associated to closed strings 
spinning in the fiat directions. Due to the warping of the fiat spacetime subsector these 
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string configurations naturally live at the minimal transverse radius. Then, a spinning 
folded string conhguration is given by 

rriQX^ = kr , rriQX^ = k cost sin a , rriQX^ = fcsinrsincr , (9) 

where the KK mass scale mo is considered as the natural scale for all these theories. The 
energy is given in general by the expected Regge-like relation 

E'^ = 2'KTgiueJ , Tgiue = ‘ETqcd ■ (10) 

In |Zj the 1-loop quantum corrections to (nm) have been discussed in the case of the 
Witten model. Since the technical details are quite complicated, we just skip them and 
quote the hnal results. The 1-loop correction to the energy is again hnite without the 
need for any renormalization prescription. This is due to a cr dependent mass-matching 
condition analogous to which ensures the absence of Weyl anomaly on the worldsheet. 
In particular it has been possible to explicitly compute the 1-loop corrections in the two 
opposite limits X ^ J and A -C J. The analysis leads to the conclusion that 1-loop 
quantum corrections give a deviation from the linear Regge trajectory with a nonzero 
intercept and rescale (in an energy dependent way) the effective string tension Tgiue 
appearing in ©. More explicitly, for J -C A, we have obtained 

J = a'^,^,(\)[E^ + 2Ezo + zl] , a;,„(A)-‘= = 2rQ0D(l - ^) , (11) 

with zq ~ 0.85mo and Zi ~ 0.012. In the opposite high spin regime J ^ A, the leading 
contribution of the one-loop correction rescales the glueball string tension to T^i^\X) = 
2Tq^jI (A). This is completely consistent with the Wilson loop result since at high spin the 
glueball is usually thought as a folded and spinning closed flux-tube conhguration. The 
quantum corrections to this kind of conhguration were discussed previously in the context 
of the (type IIB) MN and KS backgrounds in [THj. In this paper the explicit calculation 
was performed in the limit J -C A and the approach is similar although technically slightly 
diherent from that used in [7] As a result, the authors of ^H] found a deviation from 
the linear Regge trajectory analogous to that given in (HU, but no rescaling of the QCD 
string tension (see QSI also for further discussions on the comparison of these stringy 
results with lattice and experimental data). 

Regge trajectories for mesons in the Witten model have been studied at the classical 
level in the recent paper [21] . Flavored fundamental quarks can be introduced by studying 
probe D6-branes in this background EH; the high spin mesons are identihed with spinning 
open strings ending on these branes. Let us notice that, as shown in EH. in the large 

^For example in being in type IIA, it has not been possible to adopt a covariant K-fixing condition 
analogous to that used in m 


5 




spin limit the relevant contribution to the energy of these spinning strings come from an 
almost flat horizontal piece lying very close to the minimal radius of the geometry, the 
mass of the quarks being negligible. In this limit the 1-loop correction to the classical 
energy found in ra is then given by one-half the 1-loop correction computed in [2j for 
the glueballs. The resulting quantum corrected slope of the Regge trajectory is then 
given by the inverse of again consistent with effective picture of the meson as 

a spinning open string consisting of two quarks connected by a flux tube. 

4 KK Hadrons 

In the Witten model and the other conhning gauge/gravity models such as the (b)MN 
(and the (b)KS), there are always extra KK matter helds which, in the supergravity 
approximation we are working in, cannot decouple from the pure (S)YM theory held 
content. In particular, there are complex scalar helds <I> in the adjoint representation 
that can form hadronic bound states of the symbolic form Tr \0)gauge- These states 
carry J units of the fundamental charge associated to <I>, which is in turn associated to 
some internal symmetry of the background. In the Witten model we have an SO {5) 
symmetry group of the gauge theory, which corresponds to the isometry group of the 
internal On the other hand, in the (b)KS we have the isometry group 50(4) of the 
internal S^, while in the (b)MN solution this isometry group is broken to 0(1)i x 0 ( 1)2 
by twisting effects. In all these cases we can consider closed strings spinning along the 
internal Killing directions with given angular momenta Ji, J 2 with respect to the maximal 
abelian (sub)group 0(l)i x 0 ( 1 ) 2 . The associated gauge theory states should have the 
symbolic form 

, ( 12 ) 

where $1 and <I >2 are the simplest KK massive scalar helds with the correct mass and 
quantum numbers in order to match with the corresponding string states. 

This has been done for the hrst time in [2H1, where the authors performed a Penrose 
limit around a null geodesic moving along one of the above isometries for the KS and 
MN solution. In this way they obtained a soluble string theory and predicted the mass 
spectrum of hadronic states of the above kind with J 2 <C Ji and very large Ji (for 
generalization of this BMN-like approach to other cases see j291 ITU OKI [7j). In lam 
we have shown how to generalize this BMN approach to extended multispinning strings, 
extending the predicted mass spectrum to states with J 2 of the some order of Ji. The 
key point is that, in searching for classical string conhgurations lying at the minimal 
radius, we can always focus on an effective geometry of the form x S'^ for any of 
these cases. Then, we can borrow all the solitonic solutions already discussed in the case 
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of AdS^ X which correspond to strings at rest in AdS^ and spinning on a C 
(see e.g. the review article j3]). We have considered the explicit case of mnlti-spinning 
folded and circular strings which are particular examples of solutions called “regular” in 
0. In AdS^ X these solutions admit a regular expansion in the ’t Hooft coupling of 
the dual W = 4 SYM theory and it is believed that their quantum corrections to the 
classical energy are sub leading in the inhnite J limit. In our case these corresponds to 
strings admitting a classical energy/spins relation of the following form 


E = rriQj 1 + ai-j2-\-hi-j2-\-a2y-j2 j 


(13) 


In jH], by an explicit calculation, we have shown that, differently from the AdS^ x S'®, in 
the (b)MN background one-loop corrections are not in general subleading. Of course, this 
result can be adapted to the other conhning backgrounds. For example, in the Witten 
model we are explicitly considering in this paper, the leading one-loop correction to the 
energy of multispinning circular strings, analogous to those considered in m, is given 
by 


AE 


1—loop 



(14) 


where J = Ji+J 2 . Note that these results suggest that at one-loop the general energy-spin 
relation for these “regular” solutions (including the string excitations on the pp-wave) 
admit an expansion in A/ J -C 1 of the some form (fT!^ . where oi, 6 i, 02 , 62 , • • • are again 
given by the classical energy-spin relation, but with mo substituted by a A-dependent 
m(A). It seems then possible to reabsorb 1-loop quantum effects in a redehnition of the 
mass m(A) of the single hadronic constituent, leaving the hope that at lower A quanti¬ 
tative information contained in the classical result does not loose signihcance because of 
quantum corrections. Let us observe that, differently from what happens in AdS^ x S'®, 
in our case the “regular” solutions admit an expansion in even powers of A (up to a non¬ 
trivial dependence of m(A)). It would be interesting to understand better this structure 
from the dual gauge theory point of view and if it is preserved by higher order world-sheet 
corrections. Lastly, in jB] it was speculated that, while the sigma-model correction could 
be connected with the renormalization of the mass mo of the single constituents (but also 
accounting for the mean held of the other constituents), the classical string dependence 
in the energy-spins relation could be related to the correction in the binding energy in the 
chain of constituents of the hadron, due to some mixing between hadrons with different 
internal structure. This would explain why in the hadron built up by only one type of 
scalar, and so with only one possible structure, those corrections are not present. 
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